A tobacco field in Greece was sampled during the 2001 and 2002 growing seasons to assess the seasonal trends in densities and spatial distributions of the aphid Myzus persicae (Sulzer) and its predatory mirid Macrolophus costalis (Fieber). On repeated occasions between June (just after the transplantation) and September (just before harvest), 20 tobacco leaves (10 from the upper and 10 from the lower plant part) were taken from randomly chosen plants. These leaves were sampled for aphids and mirids. In both years, the highest aphid densities were recorded during July and August, while aphid numbers were low in September. In contrast, the majority of M. costalis individuals were found during September when aphid numbers were low. Significantly more M. persicae individuals were found in the upper part of the plants, whereas significantly more M. costalis individuals were found in the lower part of the plants. As indicated by Taylor's Power Law estimates, both species were aggregated in their spatial distributions among sampling units (leaves). Wilson and Room's model, based on the Taylor's estimates, was used to calculate the mean number of aphids and mirids, from the proportion of sampling units (leaves) that had > 0 individuals of each species. This model provided a satisfactory fit of the data for both the aphid and the mirid. In addition, Wilson and Room's model was successfully used to predict the mean number of aphids and mirids in a series of samples that were carried out in the same area between June and September 2003 for model validation. Finally, equations are given for the calculation of precision in estimating the mean number of aphids or mirids per sampling unit, and the required sample size for a given level of precision.
INTRODUCTION
Myzus persicae (Sulzer) is the main aphid pest infesting tobacco in Greece (Kavallieratos et al., 2004) . It reduces directly both yield and quality of the product (Guthrie et al., 1956; Mistric & Clark, 1978) and also acts indirectly as a vector of viruses (Kennedy et al., 1962) . Furthermore M. persicae has developed an insecticide resistance on tobacco (Wolf et al., 1994) . However, M. persicae on tobacco is attacked by several predators and parasitoids belonging to the families Coccinellidae (Coleoptera), Miridae (Hemiptera), Berytidae (Hemiptera), Nabidae (Hemiptera), Anthocoridae (Hemiptera), Syrphidae (Diptera), Chrysopidae (Neuroptera), Braconidae (Hymenoptera) (Dimitrov, 1977; Athanassiou et al., 2003; Kavallieratos et al., 2004) .
A mirid, Macrolophus costalis (Fieber), is a predator of M. persicae on tobacco (Dimitrov, 1977; Athanassiou et al., 2003) that can develop high population densities (Athanassiou et al., 2003) . Furthermore, this predator is considered one of the most abundant predatory species in tobacco fields (Dimitrov, 1977; Athanassiou et al., 2003) . Athanassiou et al. (2003) described the seasonal abundance and spatial distribution of M. costalis on tobacco and investigated its association with population and spatial changes of its prey M. persicae. Here we test the value of M. costalis as a biocontrol agent in the field against M. persicae.
The integration of natural enemy "critical densities" into aphid management programs will reduce insecticidal applications. Theoretically, aphid populations will be suppressed and will not reach economically damaging levels, if rates of predation and parasitism reach a certain threshold (Wilson, 1994) . Hence, the development of a reliable sampling plan designed to estimate numbers of both aphids and enemies would encourage farmers to adopt an IPM-based aphid control strategy, which may, under certain circumstances, increase profit. Nevertheless, as yet there are no established aphid and enemy thresholds on tobacco. In our study, we estimated the seasonal trends in density and the associated spatial patterns of M. persicae and M. costalis on tobacco. Also, we developed a sampling plan to estimate sizes of aphid and mirid populations, as well as to examine and validate the relationship between aphids and mirids. Our study can serve as a basis for the incorporation of the M. costalis density estimates in an aphid decision-making management.
MATERIAL AND METHODS
The study was carried out in a tobacco field approx. 1.4 ha in the area of Tithorea (Sterea Hellas, Central Greece), and was completed over two consecutive growing seasons (2001) (2002) . The experimental field was rectangular and kept free from insecticidal treatments. In this area, as indicated by previous samplings, M. persicae was by far the most abundant tobacco pest, and M. costalis had high densities. The tobacco variety planted was McNair 944. Leaves were collected from ten randomly chosen tobacco plants, at 10-day intervals, from transplanting in June until just before harvest in September and October. Ten samplings were carried out in each of the two growing seasons. All samplings were conducted between 9.00 and 12.00 am. From each plant, two leaves were taken, one from the upper and one from the lower part of the plant. Each leaf was instantly sealed in a plastic bag and taken to the laboratory for counting and identification of the individuals found. To confirm the identify of all Macrolophus individuals found, nymphs were reared until adult emergence on M. persicae infesting artificiallycontaminated seedlings of tobacco.
The presence versus absence of individuals on leaves from the upper and lower parts of the plant were compared by chi-square test (at P < 0.05) for each species in each sampling year. The same procedure was followed also for each sampling occasion (date). In addition, the number of predators was plotted against the number of aphids for individual sampling units (leaves), to indicate the numerical relationship between the two species.
For the two most abundant species, M. persicae and M. costalis, spatial distribution among sampling units was characterized by using the parameters of Taylor's power law (Taylor, 1961 (Taylor, , 1984 Southwood, 1978) . This law describes the regression of variance against the mean of the number of individuals per sampling unit (leaf), according to the equation:
x where s 2 is the variance, is the mean, a is the y-intercept and b x is the slope of the regression line. This equation can be transformed as follows (Southwood, 1978) :
where A is the antilogarithm of a and constitutes a scaling factor dependent on the sampling unit, and b is an index of species spatial pattern, with b < 1, b = 1 and b > 1 indicating uniform, random and aggregated spatial pattern respectively (Southwood, 1978; Taylor, 1984; Davis, 1994) . Also, correlation coefficients (r) were calculated, to characterize the goodness-of-fit of Taylor's model. The values of a, b and r were tested for departure from 0, 1 and 0, respectively, using the two-tailed t test at n-2 df (Snedecor & Cochran, 1980 tember 2003, samples were taken from 8 predetermined tobacco fields, located in the same cultivation zone (Sterea Hellas, Central Greece), but not close to the field sampled the two previous seasons. The sampling procedure was the same as above, with one exception; there were only 4 sampling occasions for each field. For each sampling occasion and field, the mean number of M. persicae or M. costalis individuals/leaf was calculated ( ), as x well as the number of leaves where individuals of these species were present (p). Then, by using the value of p and the above equation, the predicted value was calculated for each case. For x each species, the observed mean values were plotted against the predicted mean values, and the correlation coefficient (r) for observed-predicted pairs was calculated. The significance of this coefficient (departure from zero) was examined by using the two-tailed t-test, as above.
For the estimation of sample size (the number of leaves required) for a given level of precision, Ruesink and Kogan's equation was used (Ruesink & Kogan, 1982) :
where n is the number of sampling units, D is the precision level as a proportion of the mean, z /2 is the value of z distribution for the desired significance level (in our case = 0.05), and A and b are Taylor's parameters. This relation was examined for several D levels. In addition, the precision in estimating mean density for a given number of sampling units (20 in our case) was calculated by using the equation:
n which is the previous equation rearranged to solve for D (Ruesink & Kogan, 1982) . As above, D was calculated for several n values.
RESULTS

Seasonal occurrence and within-plant presence
The most abundant pest species on any given sampling occasion in both years was generally M. persicae: more than 95% of the total number of pest individuals found belonged to this species. Some thrips (Thysanoptera) and Bemisia tabaci (Gennadius) individuals were also found. Aphid population densities were generally low early in the 2001 season (mid-June), when < 45 aphids were found per tobacco leaf. Low densities persisted until late July, when < 90 aphids/leaf were found, with the exception of early July, when > 130 aphids/leaf were recorded. The highest aphid densities were noted in early August (approx. 290 aphids/leaf), but densities rapidly declined thereafter. At the two last sampling dates (September) aphid densities were especially low (< 3.5 aphids/leaf). Higher densities occurred in 2002. Early in the season (June 2002) aphid densities were similar to those recorded in 2001, but beginning in early July (when there were > 230 aphids/leaf) densities remained high until the end of August. As in 2001, the highest densities were noted during late July, when aphid numbers reached 450 individuals/leaf. During September, M. persicae densities declined, but aphids were found at considerably higher densities in comparison with the 2001 season.
Very few individuals of M. costalis were found early in the season in 2001. Thus, < 1 M. costalis individual/leaf was found until early July. Mirid densities increased from mid July until late August, and ranged between 1.6 and 4.5 mirids/leaf. However, the highest densities were found during the last sampling (September) when > 17.5 individuals/leaf were found. Similarly, during 2002, M. costalis densiteis were rather stable and low until mid August. High densities were found during the last two samplings (September), when > 17 mirids/leaf were found.
In both growing seasons, M. persicae occurred significantly more often on leaves in the upper parts of plants than in the lower parts ( (Fig. 1) . Contrary to patterns for M. persicae, M. costalis occurred significantly more often on leaves in the lower parts of plants than in the upper parts (Fig. 2 ) (for 2001, 2 = 11.76, P = 0.0006; for 2002, 2 = 4.31, P = 0.0378; in both cases df = 1). However, as noted for aphids, when data were analysed separately for each sampling date, significant differences were noted in few sampling dates in 2001 and 2002 (Fig. 2) . When the numbers of M. costalis individuals were plotted against the respective numbers of aphids for individual sampling units (leaves), no specific numerical response was noted (Fig. 3) . 
Spatial distribution and p-model x
For both species, the slope (b) values were significantly different from 1 (Table 1 ). In contrast, the y-intercept values (a) were significantly different from 0 only in the case of M. costalis. Finally, for both species, correlation coefficients were significantly greater than 0 at the = 0.01 level (Table 1) .
Equations for the Wilson and Room model (based on A and b values calculated from Taylor's Power Law) are described by hyperbolic curves (Fig. 4 ; as the mean increases, the corresponding value of p does so also, but at a diminishing rate). According to the p-relation, when x 60% of the sampling units (leaves) contain mirids, the mean number of mirids/ sampling unit is approx. 2 (Fig.  4) . In the case of aphids, for the same p-value (0.60), the predicted mean is approx. 40 (Fig. 4) . For both species, the correlation coefficient (r) for the Wilson and Room model was significantly different from zero, but the r-value for M. costalis was higher than that for M. persicae (for M. costalis r 2 = 0.71; for M. persicae r 2 = 0.31).
As 
Precision and sample size
In all cases, levels of precision (D values) decrease as the mean increases (Fig. 6) . In general, this decrease is more pronounced in the case of M. costalis than in M. persicae. Precision increases with the number of sampling units. Despite the fact that precision is improved with an increase in the sample size, gains in precision become minor at high sample sizes, especially when n > 10 (Fig. 6) . Similarly, the required number of sampling units decreases with an increase in the mean density, as well as with an increase in D (Fig. 7) .
DISCUSSION
According to the results of our study, under the conditions prevailing in the study area, high aphid densities are established in tobacco fields during July, approximately 20-30 days after the transplantation of the plants. Late in the season, just before harvest, M. persicae densities declined notably, likely as the result both of densitydependent factors and of the prevailing temperatures. In contrast, the abundance of M. costalis was continuously low during the summer months, and its densities increased only during September, when M. persicae densities were low. These observations are similar to those of Athanassiou et al. (2003) . These authors found that although M. persicae densities were extremely high during summer, mirid numbers were low, and reached a peak in September, when aphids were scarce. Thus, M. costalis densities do not track changes in aphid densities; this may suggest that predator activity is not the main reason for the decline observed in aphid abundance. Macrolophus spp. can feed on several prey items such as aphids, mites, whiteflies, thrips and lepidopteran larvae (Fauvel et al., 1987; Arzone et al., 1990; Alomar et al., 1994; Izquierdo et al., 1994; Sampson & King, 1996; Montserrat et al., 2000) , and these predators develop satisfactorily even in the absence of prey (Lucas & Alomar, 2001) . Hence, the presence of other prey more preferred by M. costalis may reduce aphid consumption. This possibility needs further study, as it may negatively affect the efficacy of M. costalis against M. persicae..
In addition to these "asynchronous" population trends between mirids and aphids, the two species also differed in their spatial patterns: M. persicae was mainly found on the upper leaves, whereas M. costalis was mainly found on the lower leaves. However, no differences were noted in aphid numbers between the upper and lower parts of the plant, early or late in the season. This could be attributed to the fact that early in the season all leaves on the tobacco plant are new, and late in the season all leaves are senescent; thus, the morphological and compositional characteristics may not vary considerably among leaves during these intervals. There was also no apparent correlation between the number of aphids and mirids occurring in the same sampling unit. In particular, in a noticeable number of sampling units with high aphid numbers the corresponding M. costalis numbers were low. Similarly, a number of leaves bearing high numbers of mirids had very few aphids. The diurnal activity of the predator may be responsible for these observations. It is known that some predatory mirids are particularly active during specific times of day, and seek shaded areas in daylight (Sana & Haq, 1974) . Hence, since all samplings were conducted in morning hours, it is possible that insect counts may have underestimated the number of mirids on leaves with high aphid densities.
The lack of spatial coincidence has also been recorded for coccinellids by Wagner & Ruesink (1982) . These authors reported that corn leaf aphids and Hippodamia convergens Guerin were located primarily in the upper part of the plant while the distribution of Coleomegilla maculata (DeGeer) was exclusively limited to the lower plant part. It is now well established that some coccinel- lids have alternative food sources and this may partially explain the differences between their spatio-temporal distributions and those of aphids (Hodek & Hon k, 1996) . Further experimental work is needed to test this hypothesis.
The high and significant correlation coefficients for Taylor's model are indicative of the strong goodnessof-fit for Taylor's Power Law. Although several models based on the relation between the variance and the mean have been proposed (Karandinos, 1976; Southwood, 1978; Davis, 1994 ), Taylor's Power Law almost always provides the best fit to the data, confirming its characterization of "Universal Law" (Davis, 1994; Subramanyam & Hagstrum, 1995; Kapatos et al., 1996) . In our study, Taylor's slope (b) values were indicative of an aggregated distribution among sampling units, for both species examined. This aggregation of high numbers of individuals in a relatively low number of sampling units reduces the precision obtained in estimating mean insect density. Determining the proportion of leaves with > 0 individuals can be considered as an alternative to estimating the mean directly. Thus, if a specific threshold is established based on a given mean density value, this mean can be predicted by simple presence/absence characterizaton of the samples, without counting the individuals found (Wilson & Room, 1983; Subramanyam & Hagstrum, 1995) . This is important not only for assessing aphid population levels but also for assessing the presence of predators and parasitoids, because these species can be effective biocontrol agents above a specific "threshold" ratio of predator/parasitoid density (Wilson, 1994; Giles et al., 2003) . Hence, if this ratio can be accurately predicted from the p-x relation, insecticidal applications may not be necessary. This model is not very accurate at high mean density values, but the precision provided is satisfactory for low densities, indicating that early infestations can be accurately predicted. Our validation data suggest that the Wilson and Room model can be used in many cases. The model gave more accurate estimates for M. costalis than for M. persicae. In the case of the aphids, densities increased dramatically as the growing season progressed, and as a result, most p values were 1 or close to 1. In contrast, M. costalis was absent from a sufficiently large proportion of sampling units, such that sampling provided more data points at low mean values for model validation.
High sample-to-sample variation may also lead to an exponential increase in the sample size required for sufficient precision (Cho et al., 1995; Kapatos et al., 1996; Deligeorgidis et al., 2002) . Based on our results, the specific sample size that we used (20 leaves) was rather small to estimate the mean under a very sensitive precision level (D = 10%), especially at low population densities. Such a sample size may be adequate for high mean values; however, estimating high densities may not be of practical importance. In addition, obtaining a high level of precision level by using a moderate sample size is not feasible, even if high mean values are to be predicted. Generally, a level of 20% can be considered as an acceptable precision level in pest management (Southwood, 1978; Ruesink & Kogan, 1982) . Because greatly increasing the sample size is not always possible, it is suggested that, at least for M. persicae and M. costalis on tobacco, a sampling plan should rather be based on a fixed sampling size rather than on a fixed precision level. Also, based on the relations shown in Figs 6 and 7, very little is gained by an increase in sample size beyond 10. According to these equations, for M. costalis and for D = 20% and = 0.5, 1, 10 and 50 individuals/leaf, the x number of leaves that should be sampled is 242, 157, 37 and 13, respectively. For the same D and mean values, the respective figures for M. persicae are 169, 139, 88 and 46 leaves, indicating that a higher number of samples is generally required for this species than for M. costalis. Our study provides information about the seasonal occurrence of M. persicae on tobacco leaves, and the concomitant existence of a naturally occurring population of its predator M. costalis. We also suggest a sampling plan based on Taylor's estimates, for both species. Sampling is a key element in pest management, especially when beneficial species are present, because their presence should be assessed in relation to the pests' densities. A samplingbased management strategy in tobacco is essential under the establishment of certain thresholds, which can vary among countries, pest species, plant varieties and so forth. The determination of these thresholds would encourage tobacco farmers or managers to follow a sampling-based control strategy, under the principles of IPM.
